Introduction {#s0005}
============

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [@b0005] has emerged recently as a new challenge for the medical sciences. Although coronavirus disease 2019, COVID-19, primarily causes respiratory disease, its pathogenesis is still poorly understood. COVID-19 was considered a pandemic by the World Health Organization on March 11, 2020, because it was widely spread around the globe and presented a high rate of human-to-human transmission. It has been reported that COVID-19 progression involves initial symptoms of mild chills and a dry cough, followed by fever, fatigue, and shortness of breath with dyspnea, and, in more severe cases, hypoxemia with oxygen saturation under 85%.[@b0010] Several signs and symptoms presented by patients with COVID-19 have been described, from asymptomatic patients with a mild cold, to important changes in clinical and laboratory examinations, which can progress to severe organ failure and death. The changes observed include decreased total lymphocytes, prolonged prothrombin time, elevated lactate dehydrogenase, cellular immune deficiency, coagulation activation, myocardial, hepatic, and renal injury [@b0015], [@b0020] and endotheliitis in the lung, heart and small bowel [@b0025], [@b0030] ([Fig. 1.](#f0005){ref-type="fig"} ).Fig. 1After the virus enters the airways, its replication occurs, and the immune innate response begins with the activation of macrophage and dendritic cells via Toll-like and NOD receptors against the production of inflammatory cytokines and reactive oxygen species (ROS). The consequent spread to the blood has two consequences: 1) erythrocytes are damaged by ROS and other inflammatory mechanisms leading to the generation of heme and free iron; and 2) activated macrophages and neutrophils produce respiratory bursts generating superoxide radicals and H~2~O~2~ leading to oxidative stress. Oxidative stress plus free iron converts soluble plasma fibrinogen into abnormal fibrin clots in the form of dense matted deposits (DMD resistant to the enzymatic degradation; blood clots), leading to microthrombosis in the vascular system and the pulmonary microcirculation. The cytokine storm occurs through the upregulation of cytokine expression via NF-κB. After this scenario is established, the cytokine storm induces oxidative stress via macrophage and neutrophil respiratory burst activity, and oxidative stress induces the cytokine storm. This cycle provokes serious tissue damage independent of the virus. In addition, mitochondria produce ROS, which increases iNOS expression via NF-κB and, consequently, NO formation. NO induces dysfunctional mitochondria that, in turn, results in cytopathic hypoxia. Moreover, the virus inhibits Nrf2, responsible for the increase in enzymatic antioxidants, establishing the oxidative stress. Overall, low hemoglobin-carrier, high lung proteinaceous exudate leads to pulmonary hypoxia, cytopathic hypoxia and endothelium damage, and disseminated coagulation results in multiple organ collapse.

Although the mechanisms involved in these changes are not known, observation by the naked eye of the lungs of patients with SARS-CoV-2 showed pathological characteristics of exudative proteinaceous lesion, while microscopic examination showed inflammatory lymphocytic infiltrates [@b0035]. Biopsy and *post-mortem* studies show diffuse alveolar damage with the formation of hyaline membranes, mononuclear cells and macrophages infiltrating the air spaces, and diffuse thickening of the alveolar wall. In addition, spleen atrophy, hilar lymph node necrosis, focal hemorrhage in the kidney and, enlarged liver with inflammatory cell infiltration constitute considerable worsening during the disease [@b0010], [@b0040]. Some patients have poor outcomes in COVID-19 that mostly correlates with clinical and laboratory features of a cytokine storm. Moreover, hypercoagulation and hypoxia in multiple organs are the worst scenario. Oxidative stress by reactive oxygen species (ROS) is related to all the main changes observed in other inflammatory and infectious diseases and could be the connecting point that unites all these events. Our study focused on the host's response to viral infection, emphasizing oxidative stress rather than the virus's mechanisms of aggression.

The cytokine storm and oxidative stress {#s0010}
=======================================

Many studies have related the cytokine storm to the deterioration in the patient's condition with COVID-19 infection and it is considered a major factor in the development of acute respiratory distress syndrome and multiple organ dysfunction [@b0010], [@b0045], [@b0050], [@b0055], [@b0060], [@b0065], [@b0070]. A previous study demonstrated that influenza infection induced expression of cytokines via activation of pattern recognition receptors, including the Toll-like receptors TLR3, TLR7, and TLR8, retinoic acid-inducible gene I, and the NOD-like receptor family members in lung epithelial cells, macrophages, and dendritic cells [@b0020], [@b0075]. It is possible that the innate immune response in COVID-19 infection follows the same pathways. The inflammasome is an important element in the cytokine storm [@b0080] and studies have shown that ROS is a potent ligand and direct mediator for triggering NLRP3 (NOD-like receptors P3) inflammasome. Additionally, TLR and NLR ligands enhanced NF-κB driven transcriptional levels of NLRP3. NF-κB, in turn, is activated by ROS, thus direct or indirectly, inflammasome is increased by ROS [@b0085], [@b0090], [@b0095]. Besides ROS, H~2~O~2~ mainly activates NF-κB to produce inflammatory cytokines [@b0100], [@b0105]. Hyperproduction of IL-6, TNFα, IL-1β, interferon-gamma inducible protein 10, granulocyte-colony stimulating factor, monocyte chemoattractant, macrophage inflammatory proteins 1-α and elevated blood ferritin are also observed in COVID-19 patients [@b0080]. Similar to influenza infection, COVID-19 infection appears to have an initial pulmonary phase that consists of virus replication and inflammation, with the involvement of ROS as a direct and indirect NLRP3 inflammasome activator, and subsequent blood dissemination, possibly associated with the adaptive immune response to oxidative stress as a mechanism of systemic injury. It is important to understand the mechanism by which SARS-CoV-2 induces pulmonary and systemic injury, and whether the virus is solely responsible or whether there are other synergistic mechanisms that sustain and aggravate the tissue damage observed in this disease.

Hematological findings and oxidative stress {#s0015}
===========================================

During the disease progression, patients with COVID-19 show disseminated intravascular coagulopathy, characterized by prominent elevation of fibrin/fibrinogen degradation products (D-dimer) [@b0060], [@b0065], [@b0115] which can translocate to extravascular space and damage the cells in the tissue [@b0120]

Hematological disorders have also been reported as inflammation biomarkers. For hemoglobin levels, a *meta*-analysis study of 1,210 COVID-19 patients showed significant lower hemoglobin levels of 7.1 g/L or even 5.9 g/L in severe cases [@b0120]. In another study, besides presenting decreased hemoglobin, patients with coronavirus pneumonia presented elevated serum ferritin, erythrocyte sedimentation rate, lactate dehydrogenase activity, and acidosis [@b0080]. In addition to the inflammation markers, the disseminated intravascular coagulation contributes to the establishment of organ failure due to hypoxia [@b0125], [@b0130]. Treatment of 27 coronavirus patients with heparin promoted recovery in all of them [@b0135], contributing to the proposal of a treatment protocol to be applied to hospitalized patients. Another observation made about patients with severe COVID-19 progression is that they developed typical clinical manifestations of shock, characteristic of the evolution to viral sepsis [@b0020]. It has been shown that free hemoglobin and heme is augmented in the blood of patients with sepsis due to hemolysis [@b0115]. Although several mechanisms involved in hemolysis have been described in viruses infections, there are a number of studies showing that ROS play a role in damaging the membrane of erythrocytes [@b0115], [@b0140]. The production of high ROS levels in septic patients leads to alterations in the erythrocyte membrane that, in turn, induces phagocytosis in macrophages and neutrophils, perpetuating a cycle with further production of ROS [@b0145]. This may contribute to increased free hemoglobin and low levels of oxygen transport to the tissues [@b0145], [@b0150]. Free hemoglobin is dissociated, generating heme, which then is degraded by heme oxygenase (OH-1) to produce free iron; both heme and free iron are harmful to cells [@b0150]. A murine study of a sepsis model by cecal ligation and puncture (CLP) showed increased total body free iron up to three times higher when compared to the control [@b0155]. In addition, administration of apoferritin (ferritin that is not combined with iron) and the induction of the expression of ferritin heavy chain, decreases CLP mice mortality [@b0160]. Reduced oxygen saturation leads to superoxide radical and H~2~O~2~ generation by mitochondria [@b0165], [@b0170], [@b0175]. Superoxide anion radical reduces iron (III) to iron (II), which, in the presence of H~2~O~2~, also generated by phagocytic cells in the inflammatory environment, produces hydroxyl radicals (^•^OH), an extremally toxic agent that promotes the formation of cell membrane lipid peroxides and protein oxidation, triggering cell death by apoptosis and/or necrosis [@b0180]. It has also been demonstrated that iron III induces blood coagulation [@b0185] via hydroxyl radicals. Hydroxyl radicals convert soluble plasma fibrinogen into abnormal fibrin clots in the form of dense matted deposits resistant to enzymatic degradation [@b0185], [@b0190].

We believe that once started, all these events occur independent of the causative agent, worsening the patient's condition.

Hypoxia and oxidative stress {#s0020}
============================

Disseminated intravascular coagulopathy, sepsis, and decreased oxygen transport to the tissues are some of the main elements presented by COVID-19 patients [@b0110]. Moreover, free heme in the blood decreases circulating nitric oxide (NO), further worsening the ischemia of the organs [@b0120], [@b0195], [@b0200]. Despite hypoxemia, pulmonary compliance is preserved [@b0135], indicating a possible mitochondrial impairment. Mitochondrial inability to produce ATP [@b0205] has been described in experimental and human sepsis in normal oxygen saturation and tension. This points to mitochondria dysfunction as a crucial role for sepsis pathogenesis [@b0205]. The impairment of mitochondria leads to cytopathic hypoxia [@b0200], [@b0205], [@b0210] that results in oxygen partial reduction with ROS generation and reduced energy production.

In this regard, hypoxia that accompanies sepsis is known to generate superoxide, H~2~O~2~, and other reactive species mainly by the mitochondrial respiratory chain [@b0200], [@b0205], [@b0215], [@b0220]. Hydrogen peroxide triggers the expression of many genes that upregulate pro-inflammatory cytokines, such as IL-1, IL-6, and TNFα, and inducible nitric oxide synthase (iNOS) via activation of the NF-κB pathway [@b0100], [@b0105], [@b0110]. In a cyclic manner, these pro-inflammatory cytokines activate macrophages, neutrophils, endothelium cells via NADPH oxidase (NOx) to produce more superoxide and H~2~O~2~ [@b0100]. Further, superoxide radical reacts with NO produced by iNOS that is expressed via the NF-κB pathway, yielding peroxynitrite. Both peroxynitrite and NO are toxic to mitochondria [@b0220]. This may explain the inability of the mitochondria to utilize oxygen despite normal tissue oxygen saturation [@b0205]. This interplay between ROS and cytokines generates a self-sustaining cycle between cytokine storm and oxidative stress production that eventually leads to multiorgan failure in patients with COVID-19 who progress to sepsis and shock ([Fig. 1](#f0005){ref-type="fig"}).

Virus and oxidative stress {#s0025}
==========================

Several *in vitro* and *in vivo* studies have highlighted the strategy of some viruses to alter the redox balance of a cell in order to survive. Initiation of oxidative stress by virus infection was shown to play a key role in the activation of innate immunity via NF-κB generation of cytokines to fight off pathogenic microbes [@b0225], [@b0230], [@b0235], [@b0240]. Respiratory syncytial virus (RSV) infection has been shown to induce ROS production that, in turn, induced the expression of pro-inflammatory cytokines and innate immune defense [@b0245], [@b0250], [@b0255]. Additionally, several viruses induce oxidative stress in order to facilitate their replication inside the cell [@b0260]. As a way to control ROS levels, these viruses have evolved to acquire the ability to manipulate the Nrf2 pathway in their favor [@b0260], [@b0265], [@b0270]. In some cases, viruses have the ability to suppress the Nrf2 pathway [@b0270], [@b0275]. For instance, RSV increases lipid peroxidation and decreases GSH in human alveolar type II-like epithelial cells and small airway epithelial cells and abrogate the activation of the Nrf2 pathway, resulting in a reduction in the expression of Nrf2 target genes, including hemoxigenase-1 (HO-1), superoxide dismutase 1 (SOD1), superoxide dismutase 3 (SOD3), glutathione S-transferase (GST), catalase (CAT), and glutathione peroxidase (GPx) [@b0270]. At the same time, the Toll-like receptor and interferon (IFN) pathways are triggered by infection-induced oxidative stress to combat the virus infection [@b0280], [@b0285]. On other hand, defective redox balance by a host cell has been shown to contribute to viral pathogenesis resulting in massive induction of cell death provoked by oxidative stress [@b0290]. Influenza virus was shown to induce apoptosis and cytotoxicity in alveolar epithelial cells that were accompanied by increased expression of caspase 1 and 3 and a proinflammatory cytokine, IL-8 [@b0295]. This virus induces oxidative stress, but at the same time facilitates the nuclear translocation of Nrf2 with subsequent expression of HO-1, a protective enzyme against oxidative injury in the human alveolar epithelial cells [@b0295]. These findings confirm the idea that oxidative stress is importantly involved in the success or failure of the response to virus infection.

Therapeutic strategies {#s0030}
======================

Shaping a therapy for a disease whose pathogeny is unclear is a challenge. If oxidative stress is believed to be the link of every mechanism known for SARS-CoV-2 infection, the use of antioxidants, such as vitamin E, SH group donor (N-acetyl cysteine), iron complexing agents (deferoxamine), inhibitors of NF-κB, activators of Nrf2 (curcumin, resveratrol), and the use of specific pro-inflammatory cytokine inhibitors and anticoagulants could help the recovery of patients with COVID-19.

It is useful to emphasize that there are clinical and experimental studies showing the effectiveness of antioxidants in the treatment of many diseases. An *in vitro* sepsis model showed that vitamin E (α tocopherol), Trolox (soluble vitamin E), and motVit E (a polar derivative) reduced mitochondrial damage/dysfunction, NF-κB transcription molecule, and cytokine expression. MotVit E, which accumulates inside mitochondria, had a more efficient protective effect on genes linked to TLRs [@b0300]. The treatment of animals with vitamin E in the model of acute sepsis also showed beneficial effects [@b0305].

Triterpenoids (oltipraz (butylated hydroxyanisol), sulphoraphane and dimethyl fumarate, curcumin, silibinin, resveratrol) exert their antioxidant activity by activating Nrf2 and inhibiting NF-κB pathways [@b0310]. High levels of blood peroxynitrite in 18 patients with sepsis were decreased using deferoxamine, an iron chelator used in patients with iron overload [@b0145]. This indicates the potential application of this drug in iron complexing and peroxynitrite scavenging in patients with sepsis.

Glutathione (GSH) is the main antioxidant agent in mammalians and it is the most important antioxidant defense in the lungs [@b0320]. When the balance between GSH/GSSG is disrupted by an increase in H~2~O~2~, a more oxidative environment oxidizes proteins that control the activation and localization of transcription factors, such as KEAP-1, which regulates Nrf2, and IκB, which regulates NF-κB [@b0225]. Thereby, SH group donors, activators of Nrf2 and NF-κB inhibitors, through their regulator molecules (KEAP-1 and IκB, respectively), are potential therapeutic options for SARS-CoV-2 infection. A case report shows that this strategy successfully reverted the severe symptoms of COVID-19 patients [@b0325]. Lipoic acid, also a SH donor, was used in a randomized study and reduced the mortality rate from 77.8% to 37.5% [@b0330].

Certainly, a different approach is on the table, one where we seek new drug strategies directly targeting the host response to viral aggression, rather than the SARS-CoV-2 virus, in which antioxidants can exert their action by breaking the cytokine storm oxidative stress cycle, decreasing hematological damage and reducing cytopathic hypoxia.

Conclusion {#s0035}
==========

It appears that oxidative stress plays a role in the pathogenesis of COVID-19, perpetuates the cytokine storm cycle, blood clotting mechanism, and exacerbates hypoxia. Taken together, this evidence indicates an important participation of oxidative stress in the pathogenesis of viral infection in all direct tissue injury, including mitochondrial dysfunction, and in the signaling of the process ([Fig. 1](#f0005){ref-type="fig"}).

Further, it indicates an interplay between oxidative stress and the cytokine storm as a mechanism that sustains and worsens the tissue injury, which terminates in hypoxia and organ failure. Moreover, it reveals that the SARS-CoV-2 virus may interfere with the equilibrium between the NF-κb transcription molecule involved in the expression of cytokines and Nrf2 activation, responsible for the expression of antioxidant enzymes (yet to be proved conclusively). We are aware of the importance of the role of oxidative stress in the pathogenesis of viral infection and sepsis, however, its participation in COVID-19 disease remains unclear [@b0315]. We believe that there is crosstalk between the cytokine storm and oxidative stress. This crosstalk may play an important role in the severity of symptoms presented by patients with COVID-19 infection. Thus, it is reasonable to propose a pathogenesis model of coronavirus syndrome with primary lung injury and late hematological, tissue hypoxemia (cytopathic hypoxemia), and mitochondrial dysfunction due to the involvement of oxidative stress, which is supported by robust experimental evidence presented by the scientific literature. Thereby, we aim to contribute to a rational therapeutic decision.
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